The trains passing on the railway tracks produce excessive vibrations normally propagating in the form of Rayleigh waves. Application of multiple trenches in train-induced ground vibration mitigation is studied in this paper. Ground is modeled employing the finite element method (FEM) and the train loading is simulated by series of successive moving loads. Validity of the FE model is then verified using the available experimental data in the literature. A comprehensive parametric study is then carried out and dynamic performance of the trenches is evaluated in range of high-speed operations. Effects of different parameters including the train speed and trench configurations and locations, on the vibration mitigation levels(VML) are investigated.
INTRODUCTION
Train-induced ground vibrations can effectively result in damage in buildings and annoyance of people nearby the railway tracks. Adverse effect of the railway vibrations on the sensitive equipment near the tracks is also another challenging issue in recent years. Different strategies have been so for proposed to mitigate the ground vibrations. Wave barriers are widely used between the railway tracks and adjacent buildings in order to reduce the transferred surface waves. For instance, open and in-filled trenches, piles and secondary buildings are the most common barriers that can effectively reflect the Rayleigh waves. In many cases, two or more vibration isolation systems should be simultaneously applied due to the importance of the vibration mitigation level. Surveying the literature shows that a lot of publications have been already presented in modeling of the traininduced vibration and also in ground vibration mitigation strategies. Accordingly, Vibrations of railway tracks with linear visco-elastic foundations [1] , nonlinear visco-elastic foundations [2] , and random visco-elastic foundations [3, 4] have been analytically modeled and studied. Motazedian et al. [5] designed an experiment to detect the railway site effect on the vibration level in Ottawa. Velocity responses at the different locations of a typical structure near the Beijing-Guangzhou railway line have been measured and studied by He et al. [6] . The ground vibrations generated by high-speed trains on the Cordoba-Malaga line have been experimentally and numerically investigated by [7] . Kouroussis et al. [8] developed a vehicle-track model to investigate the generation and propagation of ground vibrations due to railway traffic. X2000 train-induced ground vibrations at Ledsgaard (Sweden) have been predicted by finite element method [9] , Fourier transform method [10] and spectral element method [11] . In the other side, series of remarkable research projects have been conducted in parallel to study the effect of wave barriers on vibration mitigation levels. A secondary building was considered as a wave barrier in vicinity of the railway track by Deger [12] . Tsai and Chang [13] used the two-dimensional boundary element method in frequency domain to study the screening effectiveness of the open trench-wall barrier system on vibration reduction. Adam and Estorff [14] applied a numerical model to investigate the effect of open and filled trenches on train-induced vibration responses at a six-storey building. Ground vibration isolation by geo-foam barriers was studied [15] . A wave barrier of lime-cement column was employed by With et al. [16] and reduction level of the ground-borne vibrations was experimentally and numerically studied inside the nearby buildings. Hung et al. [17] used the 2.5D finite/infinite element approach to investigate the train-induced ground vibrations isolation by open and in-filled trenches and wave impeding blocks. A coupled boundary element-finite element model was developed by Anderson and Nielson [18] and a parametric study on the influence of the track design on the level of train-induced ground vibrations was accordingly provided. A full 3D analytical approach based on in Fourier transform technique was developed by Karlstrom and Bostrom [19] in order to study the efficiency of open trenches in low-frequency ground vibrations reduction. A three-dimensional finite element model was developed to study the soil vibrations due to high-speed trains by Ju [20] . Theory of elasticity was employed in frequency domain by Younesian and Sadri [21] and performance of rectangular open trenches in ground vibration mitigation was analyzed. More recently, performance of three different trenches with rectangular, semi-circular and triangular cross sections were numerically evaluated by Younesian and Sadri [22] . Connolly et al. [23] studied ground borne vibrations generated by a high-speed train using both experimental and numerical methods. They employed finite element method and used a single train passenger car axle load as the excitation of the numerical model. Effects of the geometrical features of a trench on the vibration mitigation level were also examined in their work. Investigation of the efficiency of a vibration isolating screen was performed by Francois et al. [24] . Hammer impact was used to excite the model and a spectral analysis was employed to determine the amplitude reduction factor. Cao et al. [25] proposed a semi-analytical method andpredicted the response of a ground model with a rectangular trenchsubjected to a moving load excitation. Krylov [26] [27] [28] performed different studies and investigated the ground vibrations generated by high-speed trains. Also, different basic research works have been carried out in this area by the other researchers [29] [30] [31] [32] .
Based on the scientific researches provided in the literature, some of the main conclusions can be listed as follows:
i. Secondary buildings can be employed as a barrier to mitigate the traininduced ground vibrations. The optimum distance of secondary building from the railway track depends on the soil type and height of the barrier. ii. The efficiency of single open trench barriers is more affected by depth of the barrier. Increasing depth results in a better performance of the trench. iii. Applying lime-cement barriers (in-filled trench of lime-cement) can mitigate the train-induced vibrations. Open trench is more effective than in-filled trench.
The present paper is directed to answer the two following objectives:
A-a new concept, can we simultaneously employ both trenches near to the track and far from it? B-In case of application of the multiples trench, how much can we improve the level of vibration mitigation?
At present study, a three-dimensional finite element method is provided for the multi-layered ground with available real experimental data at Ledsgaard site (Sweden). Multiple trench isolation systems areemployed to mitigate the X2000 train-induced ground vibrations and numerical results are presented in form of the VML. The performance of multiple trenches is studied for the first time, in the present study. Passage of the train is modeled using Series of moving loads and all the wheel loads of the vehicle are taken into account in three dimensional FE model. Consequently, effect of the train speed on the performance of the multiple trench isolation system is investigated. Moreover, influences of the isolation system parameters on the efficiency of the vibration reduction strategy are examined. The FE model is validated using the experimental results provided in the literature. The multiple trench systems are applied with different configurations. Time history of the ground surface responses are obtainedin train speed range of 150 to 250 km/h. A comprehensive parametric study is carried out and performance of the multiple trench isolation system is compared with the single trench isolation.
FINITE ELEMENT MODELING
In order to study the ground vibrations, ground and ballast are modeled as multilayer elastic solids with the geometry aspects shown in Figure 1 . The model consists of the rail, ballast and soil layers with mechanical properties provided in Table 1 . The values of damping ratio for different layers (presented in Table 1 ) have been obtained using experimental procedure [9] . Rayleigh damping is employed in numerical soil model and material damping of different layers are provided using stiffness and mass proportional parameters (a, b). a, b are 1.553 and 5.988¥10 -4 , respectively. Consequently, the average damping ratio of 4% is provided for the numerical model in our study. Three-dimensional finite element model is constructed in ABAQUS software asillustrated in Figure 2 . Eight-node linear brick elements are employed for the ground layers and six-node linear brick elements are used for the ballast layers. Smaller elements have been used for the upper layers of the numerical model. The average size of the elements of the first layer of the ground is 0.6 m. The rail is modeled by an Euler-Bernoulli beam element with the mechanical properties of the conventional UIC60 rail (as listed in Table 1 ). Rail pads are modeled by axial springs and dashpots inserted between the rail and sleepers. The nodes at the bottom boundaries are fixed in all directions to create the bedrock conditions. It must be noted that when the wavelength is comparable to the thickness of the FE model, the results are not reliable. The symmetry boundaries get fixed in horizontal direction perpendicular to the rail. Infinite boundaries can be modeled using two different procedures.One can use the infinite elements in ABAQUS software or absorb the traveling waves at the end of the FE model. In order to model the infinite boundaries in the present study, dashpot elements are employed. In fact, shear and longitudinal waves have been absorbed by dashpot elements at the infinite boundaries. This strategy has been used to prevent the reflections of the waves from the side walls and simulate the wave propagation properly. Dashpot elements are illustrated in Figure 3 . Providing non-reflecting conditions by using dashpot elements has been proposed by many researchers [33] [34] [35] . According to the reference [35] , results obtained by applying the infinite elements in ABAQUS software are not satisfactory and dashpot elements have been proposed to simulate a non-reflecting boundary condition. The model is excited by series of moving loads to simulate the X2000 train-induced loading in different speeds (from 150 to 250 km/h). X2000 train axle loads and geometry are shown in Figure 4 . Three types of open trenches including type 1 and type 2 single trenches and also multiple trenches are used to mitigate the railway ground vibrations. Geometric features for all types of isolation systems are illustrated in Figure 5 . As seen in Figure 5 , the types 1 and 2 systems have been defined based on the distance of the trench from the railway track. In the present study, it is assumed that the type 1 and type 2 systems have the distance of 5 and 20 meters from the railway track, respectively. Moreover,the multiple trench isolation system is composed of two rectangular trenches which have the distance of S from each other. Models without wave barriers are named as the non-trench models to estimate the ground vibrations generated by the traveling train. It should be noted that the excavation (trenching) process and stability of verticalslope trenches depend on what kind of soil we are dealing with. In addition to the soil type, moisture content, depth of the trenches and weather are key parameters. However, one can improve the stability by using different methods such as constructing concrete or steel walls. A fixed step dynamic analysis is numerically carried out in this study. Time step of the numerical analysis is 0.001 s. Numerical results from the non-trench model are compared with the experimental results given by Hall [9] . In other words, the numerical results for displacement response at the track location, obtained by three-dimensional finite Figure 4 . X2000 train geometry and axle loads properties [9, 22] . element analyses, are validated by test results in speed of 142 km/h. As shown in Figure 6 , a very good correlation between the numerical and experimental results is observed.
NUMERICAL RESULTS FROM FEM ANALYSES
A parametric study is directed in this section to investigate the effects of train speed and geometric parameters of multiple trench isolation system on the VML. The study is conducted for the trenches with the depth of 1, 2 and 3 meters and five different spaces (5, 7, 9, 11, 13 meters) between the trenches. The width of the rectangular trenches is 1 m. The three-dimensional models are excited by the moving wheels of X2000 train and the operational speeds of 150 km/h to 250 km/h are applied. For different speeds of train, vertical velocity response of the ground surface is illustrated in Figure 7 . Time history of peak particle velocity (PPV) at the point located 21 m from railway track is compared for the models with and without multiple trench isolation systems. Although this point is near to the boundary of the FE model, it must be noticed that the non-reflecting boundaries have been simulated in the FE model using dashpot elements. It is seen that the velocity response is significantly attenuated in presence ofthe multiple trench isolation system. Comparing Figures 7(a) , 7(b) and 7(c) shows that the PPV is remarkably attenuated when the train speed increases and the isolation system performance is improved for high-speed railway tracks. In order to evaluate performance of the multiple trench isolation system, VML is defined as in dB (1) in which V RMS-TR and V RMS-NTR respectively stands for the root mean square of the vertical velocity in presence and absence of the isolation system. The vibration mitigation level is shown as a function of the train speed in Figures 8 to 12 and the parametric study is carried out for the isolation systems of different geometries. It is seen that the trench performance is improved in case of deeper trenches. Varying the distance between the trenches does not make a significant difference. It is found that the VML increases when the train speed increases and consequently the performance of the isolation system becomes more effective except in vicinity of the critical speed of 225 km/h. The relation between Rayleigh wave propagation velocity and train speed can describe this phenomenon. For a half-space, Rayleigh wave velocity is defined by [36] : (2) in which C R and C S are the Rayleigh and shear wave velocities respectively and u denotes the Poisson ratio. According to the soil properties listed in Table 1 , one can reach the value of 205 km/h for the Rayleigh wave velocity in our case. Since the properties of the top layer are used to approximate the Rayleigh wave speed, it should be noted that this approximation is good for frequencies such that the top layer is about one wavelength or thicker. Performance of the multiple trench isolation system is compared with single trench isolation systems in Figures 13 to 15 . It is seen that the Figure 6 . Time history of displacement at the track location; Train speed: 142 km/h [9, 22] . multiple trench isolation system is more effective than a single type 1 or a single type 2 isolation system. Particularly, in case of high-speed train, multiple trenches have a remarkable efficiency and significantly attenuate the ground vibrations amplitude. The difference is enhanced even up to 11 dB specially in case of deep trench systems. This fact can be widely employed in isolation system designs in future and specially when a single isolation system is not able to reduce the vibration level up to the desired standard value. Effect of multiple trench isolation system on the VML is also investigated in the frequency domain. Figures 16 and 17 illustrate the frequency response, at a point located 21 m from the track, for the train speed of 150 and 250 Km/h, respectively. As seen, multiple trench isolation system is more efficient at the higher frequency range from 2.5 to 8 Hz. It must be noted that the trenches act as good barriers in the vicinity of the railway track when surface waves are generated. Therefore the trenches can even increase the vibration level at very low frequency range (below 2 Hz) [19] . However, by increasing in the value of the frequency, the performance of these barriers is more efficient since waves are traveling near the surface in higher frequency [37] . In order to give the results which are compatible with the real engineering applications, trenches with concrete reinforcement have been taken into account in the FE simulation. A schematic of the model including trenches with concrete Figure 11 . Vibration mitigation level for the multiple trench isolation system; distance between trenches: 11 m.
retaining walls is shown in Figure 18 . As the continuous wall assumption is reasonable in the modeling of retaining walls [38] , the concrete walls of width 0.1 m have been tied to the model. The material properties for concrete walls are assumed as r = 2400 kg/m 3 , E = 2 ¥ 10 7 kPa, n = 0.25 [38] . The corresponding results are illustrated in Figure 19 . As seen, performance of the trenches with concrete reinforcement is more efficient. However, there is no significant difference between the results obtained from the models with and without reinforcement.
CONCLUSIONS
As a new design concept, performance of multiple trench isolation systems was studied in train-induced ground vibration mitigation. Three-dimensional finite element method was used to simulate the ground vibration isolation in vicinity of a railway track. Moving loads were applied in the models to simulate X2000 passenger train. The finite element model was validated by employing the experimental results provided in the literature. Parametric study was made to investigate the effects of train speed and geometries of the isolation system on vibration mitigation level. Also comparing the multiple trench, single type 1 and single type 2 isolation systems was carried out to determine the most effective isolation system. According to the obtained results, it was shown that the multiple trenches can significantly attenuate the ground vibration amplitude generated by high speed trains. The performance of multiple trench isolation systems becomes more effective when train speed increase except in vicinity of the Rayleigh wave velocity. This can be explained by the fact that the increasing train speed results in the higher frequency for the ground vibration and trench performance is more efficient in the higher frequency range [16] . It was shown that the efficiency of multiple trenches isolation system is improved for deeper trenches. In fact, there will be more reflection of the waves from the walls in the case of deeper trenches. Varying distance between the trenches in multiple trench isolation system has no significant effect on vibration mitigation level diagrams behavior and VML. It has been already concluded by different authors that the depth of an open trenchis more significant parameter than the other geometric features (width, distance from the track and etc). It was found that multiple trenches can reduce the train-induced vibration level from 6 to 13 dB within the applied train speed range (150 to 250 km/h). By comparing the multiple trenches, single trench (types 1 & 2) isolation systems, it was found that the multiple trench isolation system is more effective than the two others and the improvement is enhanced in deeper trench systems.
Vol Trenches with no reinforcement Concrete reinforcement Figure 19 . Performance of trenches with and without concrete reinforcement; Depth: 3 m, Distance between trenches: 9 m.
